Many applications in spatial sound recording and processing model the sound scene as a sum of directional and diffuse sound components. The power ratio between both components, i.e., the signal-to-diffuse ratio (SDR), represents an important measure for algorithms which aim at performing robustly in reverberant environments. This contribution discusses the SDR estimation from the spatial coherence between two arbitrary first-order directional microphones. First, the spatial coherence is expressed as function of the SDR. For most microphone setups, the spatial coherence is a complex function where both the absolute value and phase contain relevant information on the SDR. Secondly, the SDR estimator is derived from the spatial coherence function. The estimator is discussed for different practical microphone setups including coincident setups of arbitrary first-order directional microphones and spaced setups of identical first-order directional microphones. An unbiased SDR estimation requires noiseless coherence estimates as well as information on the direction-of-arrival of the directional sound, which usually has to be estimated. Nevertheless, measurement results verify that the proposed estimator is applicable in practice and provides accurate results.
I. INTRODUCTION
Sound fields in reverberant environments are often modeled as a superposition of directional sound components (e.g., a plane wave) and reverberant sound components. The power ratio between both components, often referred to as the direct-to-reverberant ratio (DRR), represents an important parameter in signal processing and psychoacoustics. Assuming that the reverberant sound forms a diffuse field, it is more reasonable to refer to this parameter as the signal-todiffuse ratio (SDR). 1 Typical applications of the SDR include dereverberation, 2, 3 parametric spatial audio coding, 4 and evaluation of beamforming performance. 5 It is also widely assumed that the parameter influences the perceived distance of a listener from the source. 6, 7 Many experiments on the sensitivity of human hearing to changes in the DRR have been carried out. 8, 9 Due to the importance of the SDR, various SDR estimators have been developed in the last four decades. Nowadays, many estimators are based on the spatial coherence between two microphones. Compared to more traditional estimators, 10 considering the spatial coherence is especially practical since it does not require one to determine room impulse responses. In order to derive an SDR estimator based on the spatial coherence, the theoretical spatial coherence function is required for the observed sound field. The theoretical spatial coherence function for purely diffuse sound fields was derived for various microphone setups [11] [12] [13] [14] [15] and was also verified via measurements in reverberant rooms. 16 A derivation of the power ratio between a single distant noise source and a collection of independent surrounding noise sources based on the spatial coherence between two omnidirectional microphones was presented by Piersol. 17 Jeub et al. 18 considered the real part of the complex spatial coherence between two omnidirectional microphones for estimating the SDR and assumed that directional sound arrives from the broadside of the array. Recently, an SDR estimator that is based on the complex spatial coherence was proposed for omnidirectional microphones. 19 The approach proposed by Hioka et al. 20 is closely related to the coherence based estimation techniques. The authors expressed the spectral densities between several omnidirectional microphones as a function of the directional sound power and diffuse sound power and proposed to estimate both quantities using a least-squares approach. Recently, Kuster 21 has derived an SDR estimator based on the spatial coherence between the coincident pressure and particle velocity, which represents a special case of the following contribution. The spatial coherence of directional microphones, and hence spatial coherence based SDR estimators for directional microphones, have received little attention.
In this contribution, we extend the aforementioned derivations to microphones with arbitrary first-order directivity where the two microphones can be placed and oriented nearly arbitrarily. First, the spatial coherence is derived and expressed as a function of the SDR. Secondly, a general solution to the SDR estimation problem is presented and discussed for various practical first-order microphone setups. The derived SDR estimators consider the spatial coherence as a complex function to exploit all relevant information. It follows from the derivation that the direction-of-arrival (DOA) of the directional sound needs to be considered to obtain an unbiased estimator. We study the performance of the SDR estimator when microphone self-noise is present and when the DOA of the directional sound is estimated.
The paper is structured as follows: In Sec. II, we introduce the sound field model. Section III reviews the definition of the spatial coherence and presents its derivation for mixed sound fields. Solutions to the SDR estimation problem for practical microphone setups are presented in Sec. IV. The provided derivations and SDR estimators are discussed in Sec. V based on simulations and measurements. The conclusions are drawn in Sec. VI.
II. SOUND FIELD MODEL
We model the complex sound pressure Sðk; t; dÞ at an arbitrary point d in a Cartesian coordinate system at a time instant t and wavenumber k ¼ 2pf =c (frequency f , speed of sound c) as a superposition of directional sound and diffuse sound, i.e, Sðk; t; dÞ ¼ S dir ðk; t; dÞ þ S diff ðk; t; dÞ:
Note that lower-case boldface letters represent column vectors in the following. The directional sound S dir ðk; t; dÞ equals a single plane wave (far-field assumption) with propagation direction n dir ðkÞ, i.e., S dir ðk; t; dÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi P dir ðk; t; dÞ p e jlðkÞþj/ 0 ðk; tÞ ;
where P dir ðk; t; dÞ is the power of the wave and / 0 ðk; tÞ is the phase of the wave at the origin of the coordinate system. Moreover, lðkÞ ¼ kn T dir ðkÞd with jjn dir ðkÞjj ¼ 1 is the phase shift from the origin to d. The dependency of n dir ðkÞ and lðkÞ on k is omitted in the following. When considering a three-dimensional sound field, n dir can be expressed as
where u dir and # dir are the azimuth and elevation, respectively. The diffuse sound field S diff ðk; t; dÞ in Eq. (1) is assumed to be spatially isotropic, meaning that the sound arrives with equal strength from all directions, and spatially homogeneous, meaning that its mean power,
does not vary with d. In Eq. (4), EfÁg denotes the mathematical expectation. In the following, S diff ðk; t; dÞ and S dir ðk; t; dÞ are assumed to be uncorrelated. The ratio between the power of the directional sound P dir ðk; tÞ and the power of the diffuse sound, Eq. (4), represents the SDR Cðk; t; dÞ that we want to estimate, i.e., Cðk; t; dÞ ¼ P dir ðk; t; dÞ P diff ðk; tÞ :
Note that Cðk; t; dÞ is by definition real-positive. To estimate Cðk; t; dÞ, we measure the sound pressure at two positions d 1 and d 2 using two microphones with arbitrary first-order directivity and orientation. The setup is depicted in Fig. 1 . According to the sound field model in Eq. (1), the ith microphone signal with i 2 f1; 2g can be written as X i ðk; tÞ ¼ X dir; i ðk; tÞ þ X diff; i ðk; tÞ þ N i ðk; tÞ; (6) where X dir; i ðk; tÞ is the noiseless sound pressure resulting from the single plane wave and X diff; i ðk; tÞ is the corresponding sound pressure resulting from the diffuse sound field. The microphone self-noise N i ðk; tÞ is modeled as uncorrelated zero-mean complex Gaussian noise with mean power P N; i ðk; tÞ ¼ EfjN i ðk; tÞj 2 g:
The pressure signal X dir; i ðk; tÞ resulting from the directional sound can be expressed as
where
is the first-order directional response of the microphone, l i is a unit vector describing the orientation of the microphone, and a i 2 ½0; 1 is the shape parameter. For instance, for a i ¼ 0:5, the microphone possesses a cardioid directivity while it is omnidirectional for a i ¼ 1. When measuring a diffuse field with directional microphones (a i < 1), we capture the sound field power only partially, i.e.,
where Q i ! 1 is the microphone directivity factor. 22 For first-order directional microphones in a spherically isotropic diffuse sound field (n diff 2 R 3Â1 ), we have 13, 22 
Note that a i , Q i , and g i ðn dir Þ can be frequency dependent. In the following sections, the dependency of all quantities on t is omitted for brevity.
III. COMPLEX SPATIAL COHERENCE

A. Definitions
The coherence c 12 ðkrÞ between two microphone signals X 1 ðkÞ and X 2 ðkÞ is defined as 
describes the phase shift of the plane wave from the first microphone to the second. Equation (14a) and (14b) assumes that the directional sound arrives with equal power at both microphone positions, i.e., P dir ðk;
This assumption holds reasonably well in practice when the microphone spacing r ¼ jjrjj is sufficiently small compared to the distance to the sound source. The coherence c dir ðkrÞ for purely directional sound follows by inserting Eq. (14) into Eq. (12), i.e.,
which depends on the DOA of the directional sound. Similarly, the coherence c diff ðkrÞ for a purely diffuse field can be expressed by substituting Eqs. (10) and (13) 
The coherence c diff ðkrÞ was, for example, derived for omnidirectional microphones, 11 first-order directional microphones, 13 and for first-order differential microphone arrays.
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A few theoretical examples for a spherically isotropic diffuse field are depicted in Fig. 2 . For the two omnidirectional microphones (᭺ -᭺), we obtain the well-known result c diff ðkrÞ ¼ sinðkrÞ=kr. For large kr (high frequencies or large microphone spacings), all depicted coherence functions approach zero, meaning that the microphone signals become uncorrelated. At low kr, the omnidirectional setup (᭺ -᭺) and the two cardioid setups (D -D, ª -ä) yield a relatively high coherence, i.e., the microphone signals become correlated although the sound field is diffuse. In contrast, the two dipole setups lead to zero coherence, i.e., uncorrelated signals, for all kr. Note that c diff ðkrÞ can be complex. With Eqs. (16), (10), and (13), the diffuse field PSDs U diff; ij ðkÞ can be expressed as
Similarly, with Eqs. (7) and (13) the PSDs of the microphone self-noise can be expressed as
assuming that the two noise signals are uncorrelated.
B. Solutions for mixed sound fields
For the signal model in Sec. II, where a mixture of the directional sound, diffuse sound, and microphone noise is measured, the PSDs U ij ðÁÞ in Eq. (13) equal the sum of the individual PSDs, i.e.,
which assumes that the three components are mutually uncorrelated. Let us define the noiseless spatial coherence as 
Clearly, disregarding the microphone noise, i.e., assuming U N; ii ðkÞ ¼ 0, will introduce a bias in the estimate of c s ðkrÞ. This leads to biased SDR estimates as shown in Sec. V. Substituting Eqs. (5) and (14)- (17) into Eq. (20) 
where the dependency of CðkÞ on d was omitted and
A detailed derivation of Eq. (22) is provided in the first part of the Appendix. When both microphones possess an equal directivity and orientation, i.e., when q 1 ¼ q 2 ¼ q, Eq. (22) can be simplified to
Equation (22) 
The SDR is determined by solving Eq. (22) for CðkÞ. This leads to two results (of which only one is correct), namely
The derivation of Eq. (26) (13) and (21) . The coherence c diff ðkrÞ, which would have been obtained if the sound was purely diffuse, is available as a priori information for the given microphone setup for specific diffuse field characteristics (see Fig. 2 ). Alternatively, c diff ðkrÞ can be estimated in advance as shown with the measurements in Sec. V. The coherence c dir ðkrÞ, which would have been obtained if only the directional sound was present, can be determined, e.g., via Eqs. (9) and (15) . Clearly, this requires us to estimate the propagation direction n dir of the directional sound, which might be difficult particularly when the sound field is more diffuse. Nevertheless, relatively accurate SDR estimates can be obtained in practice even with noisy n dir estimates as shown in Sec. V. Note that n dir is also required for computing the factors q 1 and q 2 in Eqs. (26) and (27) with Eq. (23) .
In the following, we discuss the SDR estimator (26) in more detail for different practical microphone setups. The main outcomes are summarized in Table II .
B. Coincident microphone setups
For coincident setups (r ¼ 0) of two first-order directional microphones with different orientation or directivity, we possibly obtain two valid (real-positive) results in Eq. (26). In fact, the diffuse field coherence c diff ðkrÞ, the coherence c dir ðkrÞ in Eq. (15), and thus the spatial coherence c s ðkrÞ in Eq. (22) are all real-valued for kr ¼ 0. Hence, z diff ðkr ¼ 0Þ and z s ðkr ¼ 0Þ in Eq. (25) are also realvalued numbers. When jz diff j > jz s j, we obtain two valid (real-positive) results in Eq. (26) (see the second part of the Appendix). This condition is fulfilled when the absolute value of the coherence c s ðkrÞ becomes smaller than the absolute value of the diffuse field coherence, i.e., when jc s ðkrÞj < jc diff ðkrÞj, which can occur for specific SDRs and propagation directions of the directional sound (see an example in Sec. V A). Besides this ambiguity problem, the SDR estimation with coincident setups also requires knowledge of the DOA of the directional sound, namely to compute the directivity factors g i ðn dir Þ in Eq. (23).
C. Spaced setups with equal directivity
For setups of two spaced microphones (kr > 0) with an equal directivity and orientation (e.g., two microphones of a typical linear array), we usually obtain a complex spatial coherence c s ðkrÞ. Solving Eq. (24) for CðkÞ leads to the unique solution
where z diff ðkrÞ and z s ðkrÞ can be complex. Note that for this estimator, computing z s ðkrÞ and z diff ðkrÞ with Eqs. (15) and (25) requires information on the microphone directivities g i ðn dir Þ as well as on the phase l dir .
D. Setups with zero diffuse field coherence
Zero diffuse field coherence, i.e., c diff ðkrÞ ¼ 0, is obtained, for example, for a B-format microphone (which measures the coincident sound pressure and particle velocity components) or for most arbitrary microphone setups at sufficiently high kr (cf. Fig. 2 ). This leads to z diff ðkrÞ ¼ 0. Moreover, in Eq. (22) 
where G ¼ q 1 =q 2 þ q 2 =q 1 . Since jc s ðkrÞj À2 ! 1, one result of Eq. (29) is real-positive, while the other is zero or realnegative. This means that the SDR can be determined without ambiguities. Equation (29) shows that for this setup, the phase of the spatial coherence c s ðkrÞ contains no information on the SDR. Thus, the SDR estimation does not require the phase l dir , but the microphone directivities g i ðn dir Þ, namely for computing the factors q i with Eq. (23) . A special solution is obtained for two displaced (r > 0) omnidirectional microphones, which have zero diffuse field coherence when kr is equal to multiples of p (assuming a spherically isotropic diffuse field) and, at least approximately, for sufficiently high kr. In this case, Eq. (29) becomes CðkÞ c diff ðkrÞ ¼ 0
This represents the only case for which the SDR can be determined without a priori information on the DOA of the directional sound.
V. EXPERIMENTAL RESULTS
A. Discussion of the spatial coherence Figure 3 illustrates some important characteristics of the theoretical spatial coherence c s ðkrÞ in Eq. (22) . The plots show the absolute value and phase of c s ðkrÞ as a function of CðkrÞ for different microphone setups (summarized in Table I ), kr, and propagation directions ðu dir ; # dir Þ.
The coincident setup (᭹) has a non-zero diffuse field coherence, i.e., the absolute value jc s ðkrÞj in Fig. 3(a) is greater than zero for CðkÞ ! À1 dB. For increasing CðkÞ, the absolute value first decreases before it reaches its maximum of one. At the same time, the phase [ Fig. 3(b) ] is constant (zero) for all CðkÞ, i.e., it contains no information on the SDR. Obviously, the coherence function is not invertible for this microphone setup since different CðkÞ can lead to the same c s ðkrÞ. Thus, a unique SDR estimate cannot always be computed from c s ðkrÞ. Note that such ambiguities can potentially appear for all coincident microphone setups with a non-zero diffuse field coherence.
For the spaced setups (Â) and (᭺ solid line), the absolute value in Fig. 3(a) is also not an invertible function, similar to the coincident setup (᭹). Therefore, from only the absolute value of the spatial coherence, we cannot always determine a unique SDR estimate. However, the phase in Fig. 3(b) now also contains information on the SDR, i.e., the phase varies with increasing CðkÞ. Hence, unique SDR estimates can be computed from the spatial coherence by considering both the absolute value and phase (see Sec. IV).
For the microphone setups (᭞) and (᭺ dashed line) with zero diffuse field coherence c diff ðkrÞ, the absolute value [ Fig.  3(a) ] is invertible. The phase [ Fig. 3(b) ] is constant and contains no information on the SDR. Therefore, a unique solution to CðkÞ can be derived by considering only the absolute value of the spatial coherence. This is true for all microphone setups for which c diff ðkrÞ ¼ 0 (see Sec. IV). Table II summarizes the characteristics of the spatial coherence c s ðkrÞ with respect to its application to SDR estimation.
B. Discussion of the SDR estimation
Influence of noisy DOA estimates
In this simulation we compute the theoretical spatial coherence c s ðkrÞ with Eq. (22) for different SDRs and DOAs of the directional sound. As an example, we consider the spaced cardioid setup (Â) in Table I at kr ¼ 2:2. Microphone selfnoise is not present. The SDR is then estimated from c s ðkrÞ as explained in Sec. IV (see also Table I ). Information on the DOA of the directional sound, required to compute q i and c dir ðkrÞ, is either available as a priori knowledge, or a specific DOA is assumed. Alternatively, c dir ðkrÞ is estimated viâ
which assumes that no diffuse sound is present. This estimator provides noisy estimates when diffuse sound is present. Figure 4 shows the estimated SDRĈðkÞ (coded in grayscale) as a function of the azimuth u dir and the true SDR when no a priori information on the DOA is available. The elevation of the directional sound is # dir ¼ 0 in all simulations.
In Fig. 4(a) , we assumed that the directional sound arrives from the broadside direction (u dir ¼ 908). Therefore, we used g 1 ðn dir Þ ¼ g 2 ðn dir Þ ¼ 1 and c dir ðkrÞ ¼ 1 for computing the SDR. The plot shows that the SDR estimation is correct only for the assumed direction u dir ¼ 908. For all other directions, the SDR is strongly underestimated, even at high CðkÞ.
In Fig. 4(b) , the coherence c dir ðkrÞ was estimated with Eq. (31), while g 1 ðn dir Þ ¼ g 2 ðn dir Þ ¼ 1 was used in Eq. (23) as before. We obtain significantly more accurate results compared to Fig. 4(a) , particularly when the sound is less diffuse (higher SDRs). This is especially interesting because the estimator for c dir ðkrÞ in Eq. (31) is rather simple and inaccurate DOA information results in large estimation errors as shown in Fig. 4(a) . However, the SDR estimation in Fig. 4 fails when the directional sound arrives close to the nulls of the microphones (u dir ! À908), as here the assumed g i ðn dir Þ differ greatly from their true values. Figure 4 (c) shows the results for kr % 3:43 where c diff ðkrÞ approaches zero. In this case, the SDR is estimated with Eqs. (23) and (29), which requires information on g i ðn dir Þ, but not on the coherence c dir ðkrÞ. We obtain similar results compared to Fig. 4 , especially for higher SDRs, indicating that the estimator for c dir ðkrÞ in Eq. (31) provides relatively accurate results. In general, Fig. 4 shows that accurate information on c dir ðkrÞ, if required, is crucial for the SDR estimation. Not considering the directivity factors g i ðn dir Þ leads to a less severe, but still significant, estimation bias for specific DOAs.
Influence of microphone self-noise
In this simulation we assume that additive uncorrelated zero-mean complex Gaussian microphone noise with power P N; 1 ðkÞ ¼ P N; 2 ðkÞ ¼ P N ðkÞ is present in the two microphone signals in Eq. (13) . We further assume that in a practical application, the expectation in Eq. (13) is approximated by a sufficiently long time average such that the microphone noise disappears in the cross-PSD U 12 ðkrÞ, while the power P N ðkÞ remains in the auto-PSDs U ii ðkÞ. If this is true, the PSDs U ij ðÁÞ in Eq. (13) can be computed analytically for different SDRs, signal-to-noise ratios (SNRs), and microphone setups using Eq. (19) together with Eqs. (14)- (18). We consider the microphone setups in Table I . Note that the SNR is defined as
After computing U ij ðÁÞ, the noisy coherence c 12 ðkrÞ is obtained with Eq. (12) . The SDR is then determined with the estimators in Table I (a priori information on the DOA of the directional sound is available) assuming c s ðkrÞ ¼ c 12 ðkrÞ. In doing so, we ignore the microphone self-noise. Consequently, the obtained estimates are biased. The performance of the SDR estimation is evaluated via the relation
whereĈðkÞ and CðkÞ are the estimated and true SDR, respectively. This measure expresses the estimation error in a logarithmic domain where N ðkÞ ¼ 0 dB means that no error occurred. Moreover, N ðkÞ indicates whether the estimates are overestimated or underestimated. In general, Eq. (21) shows that disregarding the microphone self-noise reduces the absolute value of the spatial coherence c s ðkrÞ, while the phase is not influenced. For microphone setups such as (᭞) and (᭺ if kr ¼ p), for which the phase of c s ðkrÞ contains no information on the SDR, the reduced absolute value simply leads to an underestimation of the SDR. This becomes clear by considering Eqs. (29) and (30) or Fig. 3 .
For other microphone setups such as (Â) and (᭺), for which the phase of c s ðkrÞ contains information on the SDR, the effect of the reduced absolute value is less obvious. For this purpose, let us consider Fig. 5 in which the error N ðkÞ is depicted for setup (Â) under different conditions. Figure 5 shows the error as a function of the SNR and true SDR CðkÞ. The SDR becomes strongly underestimated [negative dB values for N ðkÞ at higher CðkÞ, even for higher SNRs. At smaller CðkÞ, the SDR is overestimated [positive dB values for N ðkÞ when the SNR is low. However, the estimation bias at higher CðkÞ, when the sound is less diffuse, appears more severe. This means that the microphone self-noise influences the SDR estimation particularly when the sound field is strongly directional. Fig. 5(b) increases at kr values for which the diffuse field coherence c diff ðkrÞ is higher (cf. Fig. 2 ), which is particularly the case toward small kr. Therefore, estimating the SDR becomes especially challenging at low frequencies or for small microphone spacings r. In fact, when c diff ðkrÞ is high, the absolute value jc s ðkrÞj of the true spatial coherence varies in a smaller range for the different SDRs [see for instance Fig. 3(a) plot ᭺]. Thus, a bias in the estimated spatial coherence becomes more relevant.
The results in Fig. 5(c) show the estimation error for different propagation directions u dir and SNRs. As expected, the error becomes high when the directional sound arrives close to the nulls of the microphones (u dir ! À90 8 ). C. Measurement results
Measurement setup
The presented theory was verified via measurements. For this purpose, a diffuse field S diff ðk; t; dÞ was generated by reproducing mutually uncorrelated white Gaussian noise signals from 25 loudspeakers on a hemisphere in a reverberant environment (RT 60 % 360 ms). Moreover, a directional sound field S dir ðk; tÞ with specific u dir was generated by reproducing a white Gaussian noise signal from a single loudspeaker in an anechoic chamber. In both measurements, the sound was captured at f s ¼ 44:1 kHz with four omnidirectional microphones arranged on the corners of a square with a diagonal of r ¼ 4:4 cm. The recorded signals were transformed into the time-frequency domain with a 1024-point short-time Fourier transform with 50% overlap. The two sound fields were then added with specific SDR CðkÞ to obtain the total sound pressure Xðk; tÞ. The spatial coherencê c s ðkrÞ between two microphone signals was computed with Eqs. (12) and (21), where U N; 11 ðkÞ ¼ U N; 22 ðkÞ ¼ 0 was assumed due to a high SNR during the measurement. The expectation operators in Eq. (12) were approximated by averaging over K time frames. Finally, the SDR was estimated fromĉ s ðkrÞ via two different strategies:
(1) Via the complex spatial coherenceĉ s ðkrÞ using Eqs. (28) and (25) with Eq. (31) and q 1 ¼ q 2 ¼ 1 (no a priori information on the DOA of the directional sound). (2) Via the real-valued spatial coherence Refĉ s ðkrÞg as proposed by Jeub et al. 18 assuming that the directional sound impinges broadside on the two microphones.
Note that the diffuse field coherence c diff ðkrÞ for the specific measurement setup was determined in a pre-processing step via Eq. (12) from the diffuse field recording. In practice, of course, this diffuse field coherence might not always be available for a specific recording situation. We discuss this problem in the following. Figure 6 shows the diffuse field coherence c diff ðkrÞ measured for the two pairs of opposing microphones. A long temporal averaging over K ¼ 5500 frames (% 60 s) was applied to approximate the expectation operators in Eq. (12) . It can be observed that the two coherence functions are approximately equal showing that the diffuse field was spatially isotropic as required for the derivations in Sec. III. The average of both functions in Fig. 6 is used in the following as the diffuse field coherence c diff ðkrÞ.
Measurement results
The mean estimated spatial coherence Efĉ s ðkrÞg is depicted in Fig. 7 (solid lines) for different SDRs CðkÞ and propagation directions u dir of the directional sound. A relatively short temporal averaging over K ¼ 10 frames (% 110 ms) was applied, which is more typical for practical applications. For comparison, the dashed lines show the theoretical spatial coherence computed with Eq. (24) (using the measured diffuse field coherence). The estimated coherence follows accurately the theoretical function. The observed discrepancies toward lower CðkÞ result from the small averaging length K used for approximating the expectation operators in Eq. (12) .
The mean estimated SDR EfĈðkÞg computed from the real-valued coherence Refĉ s ðkrÞg as proposed by Jeub et al. 18 is depicted in Fig. 8 as a function of the true SDR CðkÞ. For sound arriving from the broadside direction (u dir % 90 8 ), we obtain accurate results for medium CðkÞ. For the other propagation directions, however, the SDR estimation fails. The SDR EfĈðkÞg estimated from the complex c s ðkrÞ with Eq. (28) is illustrated in Fig. 9 . The SDR was accurately estimated for all DOAs particularly for medium FIG. 6 . Measured diffuse field coherence for two identical microphone pairs (one rotated by 90
). Diffuse field generated by 25 loudspeakers on a hemisphere. K ¼ 5500. argument of the square root cannot be negative for these conditions, since otherwise only complex CðkÞ values are found].
